A synthetic lipid A of Helicobacter pylori strain 206-1 (compound HP206-1), which is similar to its natural lipid A, exhibited no or very low endotoxic activities as compared to Escherichia coli-type synthetic lipid A (compound 506). Furthermore, compound HP206-1 as well as its natural lipid A demonstrated no or very low mitogenic responses in murine spleen cell. On the other hand, compound HP206-1 showed a weaker but significant production of interleukin-8 in a gastric cancer cell line, MKN-1, in comparison with compound 506. Furthermore, compound HP206-1 exhibited induction of tumor necrosis factor-K production in human peripheral blood mononuclear cells and the cytokine production was clearly inhibited by mouse anti-human Toll-like receptor (TLR) 4 monoclonal antibody HTA125. Our findings indicate that the chemically synthesized lipid A, mimicking the natural lipid A portion of lipopolysaccharide from H. pylori strain 206-1, has a low endotoxic potency and immunobiological activities, and is recognized by TLR4.
Introduction
Helicobacter pylori, a Gram-negative and microaerophilic rod, is strongly associated with persistent infections in the human stomach and recognized as the most common cause of chronic super¢cial gastritis [1] . This organism possesses lipopolysaccharide (LPS) on its cell surface, which is a major component of the outer membrane of Gram-negative bacteria and is well known to exhibit various biological responses to host cells [2] . However, the chemical structures of H. pylori LPS are distinct from those of enterobacterial LPS [3^5] . It has also been demonstrated that the endotoxic properties of H. pylori LPS are very low in comparison with other enterobacterial preparations [6^8] . Lipid A, a lipophilic portion of LPS with a structure that corresponds to those proposed for Escherichia coli-, Salmonella-and other enterobacterial type lipid As, has been chemically determined and synthesized [9] . These chemically well-de¢ned synthetic lipid A compounds have been investigated extensively to understand the relationship between structure and function of lipid As. It was also demonstrated that puri¢ed H. pylori lipid A exhibits quite di¡erent phosphorylation and acylation patterns as compared with enterobacterial lipid As, and various types of the chemical structures of lipid As from H. pylori strains 206-1 and NCTC 11637 were reported [10, 11] . Recently, we showed another type of lipid A as a minor component in LPS from H. pylori strain 206-1, and the chemical structure was identical to one of the lipid A components of H. pylori strain NCTC 11637 [12] . Furthermore, H. pylori lipid A was reported to exert very low endotoxic activities as compared with other enterobacterial preparations [12, 13] .
Toll-like receptors (TLRs) have been identi¢ed as a family of mammalian homologs of Drosophila Toll [14, 15] . Mammalian TLRs comprise a large family with extracellular leucine-rich repeats (LRR) and a cytoplasmic Toll/IL-1R (TIR) homology domain, and have been implicated in the recognition of pathogen-associated microbial products [16] . At least 10 members (TLR1^10) have been reported [16^20] . Among them, TLR4 acts as a signal-transducing receptor for LPS and its active center lipid A in cultured cells, and TLR4 mutant mice are hyporesponsive to them [21] .
In this study, we demonstrated the endotoxicity and immunobiological activities of a synthetic lipid A of H. pylori strain 206-1, and then compared them with those of its bacterial lipid A product and synthetic E. coli-type lipid A. Our results also indicated the recognition receptor of human peripheral blood mononuclear cells (PBMC) for H. pylori lipid A.
Materials and methods

Animals
BALB/c, C57BL/6, C3H/HeN, and C3H/HeJ mice (males, 8 weeks old) were obtained from Japan SLC, Hamamatsu, Japan. Domestic Japanese white rabbits (male, 2^2.5 kg) were purchased from Nihon Rabbit Co., Osaka, Japan.
Cells and reagents
A human gastric cancer cell line, MKN-1, established from a stomach adenosquamous carcinoma, was obtained from the Japanese Cancer Research Resources Bank (Tsukuba, Japan). The cells were maintained in RPMI 1640 medium (Sigma, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Sigma), 2 mM glutamine, 100 U ml 31 of penicillin G, and 100 Wg ml 31 of streptomycin. Mouse anti-human TLR4 monoclonal antibody (mAb) HTA125 was purchased from Medical and Biological Laboratories Co. (Nagoya, Japan). Mouse anti-human TLR2 mAb TL2.1 was obtained from eBioscience (San Diego, CA, USA). Mouse IgG2a (Dako, Clostrup, Denmark) was used as an isotype control for HTA125 and TL2.1.
Bacterial lipid A and its synthetic compounds
H. pylori strain 206-1 lipid A from puri¢ed LPS was prepared by treatment with 0.6% acetic acid, as described previously [10, 13] . H. pylori 206-1-type lipid A (Fig. 1) , which is a major component of H. pylori strain 206-1 lipid A (compound HP206-1), and E. coli-type lipid A (compound 506) were chemically synthesized as described previously [22, 23] . For this experiment, compound HP206-1 (1 mg), which was slightly soluble in a 0.1% triethylamine aqueous solution, was dissolved with 1 ml of chloroform : methanol (2:1) containing 10 Wl of triethylamine. We added 1 ml of bovine serum albumin (1 mg ml 31 ) (BSA ; Sigma) to the solution followed by methanol, until the mixture turned to a monolayer. The solution was evaporated to dryness, and then sonicated in 1 ml of phosphate bu¡ered saline (PBS; Sigma) to prepare a sample solution. BSA alone (1 mg ml 31 ) was used as a control. Unless otherwise stated, H. pylori strain 206-1 natural lipid A and compound 506 were dissolved at a concentration of 2 mg ml 31 in a 0.1% triethylamine aqueous solution. These concentrations of lipid A specimens used in this study resulted to show no physiological e¡ects to target cells.
Lethal toxicity in galactosamine-loaded mice
Groups of ¢ve C57BL/6 mice were injected intraperitoneally with 16 mg of D-galactosamine hydrochloride (Wako Pure Chemicals, Osaka, Japan) in 0.5 ml of PBS, followed immediately by an intravenous injection of the indicated doses of test specimens in 0.2 ml of PBS by the method of Galanos et al. [24] . The death of the mice due to intoxication was observed over a 24-h period. The 50% lethal dose (LD 50 ) for each group was calculated by the method of Ka «rber [25] .
Pyrogenicity
Three domestic Japanese white rabbits per group were injected intravenously with the indicated doses of the test specimens in 10 ml of PBS per kg as described previously [13] . The rectal temperature of each rabbit was measured and recorded continuously with an automatic device (EP670, 12; Iio Electric Co., Tokyo, Japan), and then simpli¢ed to determine the rectal temperature of each rabbit every 30 min between 1 and 1.5 h (peak I) and between 2.5 and 4 h (peak II) after injection of the test specimens for the ¢rst-and second-phase temperature, respectively. An increase in rectal temperature of more than 0.6 ‡C was taken as a positive febrile response.
Mitogenicity
Murine mononuclear cells (MNC) were isolated by Histopaque-1082 (Sigma) separation from the spleen cells of BALB/c, C3H/HeN, and C3H/HeJ mice [26] 31 ; Amersham International, Amersham, UK) was added during the ¢nal 16 h of culture to estimate DNA synthesis, and all cultures were harvested onto glass paper ¢lter strips. Thymidine uptake was measured in a liquid scintillation counter (model 1215; LKB-Wallec, Turku, Finland). Each sample was tested in triplicate within each individual experiment, and each experiment was repeated at least three times.
Interleukin (IL)-8 production in MKN-1
Human gastric cancer cell line, MKN-1, was trypsinized and suspended at a density of 2U10 5 cells ml 31 in R 1640 supplemented with 10% FBS. A single cell suspension (2U10 4 cells per well) was seeded in a 96-well £at-bottom microtiter plate. After incubation for 16 h at 37 ‡C in humidi¢ed air containing 5% (v/v) CO 2 , the monolayers were washed three times with PBS, and then treated with the indicated doses of the test specimens in 200 Wl of R 1640 supplemented with 10% FBS at 37 ‡C for 24 h. After incubation, the supernatants were collected and stored at 380 ‡C until the assay for IL-8 production. The production of IL-8 in MKN-1 cells was measured in the culture supernatants using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Genzyme-Techne, Minneapolis, MN, USA). The assay was performed according to the manufacturer's instructions, and the data were determined using a standard curve prepared for each assay. Each sample was tested in triplicate within each individual experiment, and each experiment was repeated at least three times.
Tumor necrosis factor (TNF)-K production in human PBMC
Heparinized venous blood drawn from healthy donors after receiving informed consent was subjected to fractionation using a Histopaque-1077 (Sigma) to obtain human PBMC [27] . These cells were suspended at a cell density of 2U10 6 cells ml 31 in RPMI 1640 medium supplemented with 10% FBS. The cells (2U10 5 cells per well) were then incubated with or without the indicated doses of the test specimens for 24 h at 37 ‡C in humidi¢ed air containing 5% (v/v) CO 2 in a 96-well £at-bottom microtiter plate. In some experiments, human PBMC were incubated with or without the indicated doses of anti-human TLR4 mAb HTA125, anti-human TLR2 mAb TL2.1, or an isotype control mouse IgG2a 30 min before adding the test specimens. To examine the antagonistic e¡ect of compound HP206-1 on cell activation by compound 506, the cells were also incubated with the indicated doses of compound HP206-1 30 min before the addition of compound 506. After incubation, the supernatants were collected and stored at 380 ‡C until the assay for cytokine production. The production of TNF-K in human PBMC was measured in the culture supernatants using a commercial ELISA kit (Endogen Inc., Cambridge, MA, USA). The assay was performed according to the manufacturer's instructions, and the data were determined using a standard curve prepared for each assay. Each sample was tested in triplicate within each individual experiment, and each experiment was repeated at least three times.
Statistics
Data were analyzed by a one-way analysis of variance (ANOVA), using either the Bonferroni or Dunn method. Experiments were performed at least three times and representative results are presented. Each assay was done in triplicate, and the data are expressed as the mean þ S.E.M.
Results
Endotoxic activities
Compound HP206-1 was found to exhibit lethal toxicity at a dose of up to 100 Wg per mouse (Table 1) , and the 31 showed no induction of peak I or peak II responses, which was the same as those who received natural lipid A of H. pylori (data not shown). However, compound 506 at a dose of 0.1 Wg kg 31 induced positive peak I and peak II responses. 
Mitogenic activities
IL-8 production in MKN-1
IL-8 production by the gastric cancer cell line MKN-1, after stimulation with compound HP206-1, its natural lipid A, and compound 506 was examined (Fig. 3) . Compound HP206-1, similar to its natural product, induced Results are expressed as stimulation index, a value that was determined using the following formula: stimulation index = (counts per min (cpm) for test culture)/(cpm in culture with medium alone). The counts (mean þ S.E.M.) in control cultures were 1151 þ 36 cpm in BALB/c MNC, 1997 þ 45 cpm in C3H/HeN MNC, and 2535 þ 105 cpm in C3H/HeJ MNC, respectively. Experiments were performed at least three times and representative results are presented. Each assay was done in triplicate, and the data are expressed as the mean þ S.E.M. Signi¢cant di¡erences between groups with or without test specimen administered (*P 6 0.01). Fig. 3 . IL-8 production in a gastric cancer cell line, MKN-1, in response to stimulation by H. pylori synthetic lipid A. Cells were cultured at 37 ‡C for 24 h in RPMI 1640 containing 10% FBS, with or without the indicated dose of each test specimen. After incubation, the supernatants were collected and IL-8 production was determined by ELISA. The experimental protocols are the same as described in the legend to Fig. 2 . Signi¢cant di¡erences between groups with and without the test specimens (*P 6 0.01). Fig. 4 . TNF-K production in PBMC in response to stimulation by H. pylori synthetic lipid A. Cells were incubated at 37 ‡C for 24 h in RPMI 1640 containing 10% FBS, with or without the indicated dose of each test specimen. After incubation, the supernatants were collected and TNF-K production was determined by ELISA. The experimental protocols are the same as described in the legend to Fig. 2 . Signi¢cant di¡er-ences between groups with and without the test specimens (*P 6 0.01).
weak IL-8 production in MKN-1 cells as compared with compound 506. BSA alone induced no IL-8 production (data not shown).
TNF-K production in human PBMC
TNF-K production in human PBMC was examined after stimulation with compound HP206-1, its natural lipid A, and compound 506 (Fig. 4) . Each de¢nitely exhibited TNF-K-producing activities in human PBMC, whereas BSA alone did not (data not shown). Additionally, TNF-K production stimulated with compound HP206-1 as well as that by compound 506 was clearly inhibited by HTA125 but not by TL2.1 (Fig. 5 ).
Discussion
In the present study, we demonstrated that a synthetic lipid A of H. pylori strain 206-1 (compound HP206-1), in a manner similar to its natural lipid A, exhibited no or very low endotoxic activities, i.e. lethal toxicity in galactosamine-loaded mice, and pyrogenicity in rabbits. These activities of compound HP206-1 as well as the natural product were considerably weaker than those of E. colitype synthetic lipid A (compound 506). We previously reported that the chemical structure of lipid A from H. pylori strain 206-1 was determined to be a glucosamine backbone of L-(1-6)-disaccharide 1-(2-aminoethyl) phosphate acylated by (R)-3-hydroxyoctadecaoic acid and (R)-3-(octadecanoyloxy)octadecanoic acid at the 2-and 2P-positions [10] . Moran et al. also demonstrated that tetraacylated lipid A was contained in H. pylori strain NCTC 11637 rough-form LPS as a major component, and that hexaacylated lipid A was in smooth-form LPS as a minor component [11] . Those results also showed that the major component of H. pylori lipid A has a distinctly di¡erent structure from enterobacterial lipid As. Furthermore, Mattsby-Baltzer et al. demonstrated that H. pylori lipid A had a lower activity in a Limulus assay than the lipid As from Campylobacter jejuni and Salmonella typhimurium [28] . It was also reported that the natural lipid A of H. pylori had endotoxic potency that included very low endotoxicity, and the lipid A of Porphyromonas gingivalis strain 381, a suspected periodontopathic bacterium isolated from patients with chronic periodontal diseases, had the same low endotoxic properties [29] .
The chemical structure of a lipid A, which was obtained as a major component from LPS of H. pylori strain 206-1, has been shown to have monophosphoryl backbone and be missing fatty acids at the 3-and 3P-positions, while the presence of long chain fatty acids are unique features in common, similar to P. gingivalis lipid A [30] . Furthermore, there is no 4-O-phosphoryl group in the lipid A backbone of Bacteroides fragilis [31] or Bacteroides intermedius [32] . The chemical structures of the lipid As are suggested to be the cause of their very low toxic activities, as indicated in the present study. Among the bisphosphoryl disaccharide compounds so far described, removal of a 1-or 4P-phosphate group from 1,4P-bisphospho-disaccharide synthesized compounds clearly reduces endotoxicity, as compared with the parent molecule [33] .
H. pylori synthetic lipid A as well as its natural product, possessed a unique structure di¡erent from that of enterobacterial lipid A, had no or very low mitogenic activities in splenic MNC, as compared with compound 506 (Fig. 2) . It was also demonstrated that mitogenic activity of H. pylori LPS was less e¡ective in comparison with that of enterobacterial LPS [6] . These results suggested that the phosphorylation and acylation patterns in lipid A were concerned with these activities.
Flad et al. previously reported that maximal cytokine production from human PBMC is related to bisphosphorylated and hexaacylated lipid As, such as compound 506, whereas hepta, penta, tetra, and biacyl lipid As are less active [34] . In the present study, H. pylori triacylated synthetic lipid A and its natural product induced a weaker production of IL-8 in the human gastric cell line MKN-1 as well as TNF-K in human PBMC, as compared with compound 506 (Figs. 3 and 4) . We previously demonstrated that H. pylori natural lipid A possessed lower activities in inducing TNF-K production by human PBMC and IL-8 production by human gingival ¢broblasts than compound 506 [13] . Pece et al. also demonstrated that H. pylori LPS exhibited weak Limulus activity and induced low TNF-K production by human PBMC [8] . Furthermore, Perez-Perez et al. showed that the production of TNF-K, prostaglandin E2, and nitric oxide in a human open squares) , or an isotype control, mouse IgG2a (closed circles), at 37 ‡C for 30 min in RPMI 1640 containing 10% FBS. After incubation, cells were stimulated with compound HP206-1 (50 Wg ml 31 ) (A) or compound 506 (5 Wg ml 31 ) (B) at 37 ‡C for 24 h. After stimulation, the supernatants were collected and TNF-K production was determined by ELISA. The experimental protocols are the same as described in the legend to Fig. 2 . Signi¢cant di¡er-ences as compared to IgG2a (*P 6 0.01).
promyelomonocytic cell line, THP-1, stimulated with H. pylori LPS was lower than that of E. coli LPS [35] . Kirkland et al. also noted that H. pylori 84^183 LPS scarcely induced IL-8 production in the epithelial cell line SW620 in the presence of CD14 [36] . In addition, Huang et al. demonstrated that live H. pylori cells induced IL-6 and IL-8 but not TNF-K production in epithelial cell lines, while its LPS stimulated a low level of IL-8-producing activity [37] .
Recent in vitro and in vivo evidence has shown the importance of chemokines in mediating leukocyte chemotaxis [38] . IL-8, a potent neutrophil chemoattractant of the CXC chemokine family, was detected in epithelial surface cells from antral biopsy specimens [39] , as well as in the supernatants of in vitro cultured antral biopsy specimens from patients with active H. pylori gastritis [40] . H. pylori infection also caused an increased induction of IL-8 mRNA and protein expression in gastric epithelial cell types in vitro and in vivo [41^43]. Furthermore, Kitadai et al. showed that gastric carcinoma cells expressed the IL-8 receptors CXCR1 and CXCR2, and exogenous IL-8 enhanced the expression of epidermal growth factor receptor, type IV collagenase, vascular endothelial growth factor, and IL-8 mRNA in MKN-1 cells [44] . In the present study, H. pylori lipid A induced weak IL-8 production in MKN-1 cells (Fig. 3) , which suggests that a weak but continuous IL-8 secretion induced by H. pylori LPS may contribute to the progressive growth of human gastric carcinoma cells by an autocrine mechanism.
TLR4 is a critical receptor and signal transducer for LPS, as LPS-mediated cytokine release was shown to be abrogated in LPS-hyporesponsive C3H/HeJ mice with a natural TLR4 mutation as well as in TLR4 mutant mice [21, 45] . Long-term oral infection of mice with the feline helicobacter Helicobacter felis also induced atrophy of antral mucosa from C3H/He but not C3H/HeJ mice [46] . In the present study, the mouse anti-human TLR4 mAb, HTA125, clearly inhibited TNF-K production in human PBMC stimulated with compound HP206-1 as well as with compound 506 (Fig. 5) . It was also shown that H. pylori LPS and E. coli LPS activated gastric pit cells through TLR4 [47] . These results clearly demonstrated that the H. pylori lipid A portion of the LPS molecule was recognized by TLR4 using a synthetic compound.
Some of bacterial lipid As, which exert low or no endotoxic immunobiological activities, have been shown to exhibit the antagonistic e¡ect on toxic LPS/lipid A [48, 49] . Compound HP206-1 showed weak biological activities (Figs. 3 and 4) , and then we examined the antagonistic e¡ect of compound HP206-1 on compound 506-induced TNF-K production in PBMC. However, the antagonistic activity was not observed (data not shown).
In conclusion, we demonstrated that a chemically synthesized lipid A of H. pylori, like its natural lipid A, possessed no or only a marginal endotoxic e¡ect, in contrast with E. coli-type synthetic lipid A. It also showed an immunostimulatory potency including a weak mitogenic response with splenic MNC from mice and cytokine-producing activities with human PBMC through TLR4. Among the cell surface components of H. pylori, the lipid A molecule induces a weak but continuous cytokine secretion and appears to be a causal factor in chronic in£ammatory gastric diseases.
